There are roughly 282,000 individuals living with spinal cord injury in the United States alone (National Spinal Cord Injury Statistical Center, Birmingham, AL, USA). Spinal cord injury often results in permanent functional impairments with only a limited capacity for spontaneous recovery. For the return of motor function, such as locomotion or hand and arm dexterity, rehabilitative training is the principal means to maximize the endogenous recovery of the central nervous system. The extent of rehabilitation-mediated motor recovery is likely dependent upon the extent of spared spinal cord tissue. However, the mechanisms supporting that recovery are not well understood. The primary focus of spinal cord injury research has been on inducing axonal growth and regeneration, with a lesser emphasis on how motor networks incorporate the changes induced by injury. An understanding of the role for motor learning mechanisms after spinal cord injury will provide means to maximize the functional recovery mediated by rehabilitation, stem cell treatments, regenerative therapies, or other interventions aimed at inducing plasticity of the neural circuits underlying motor function.

**Cortical motor maps and motor learning**. The motor cortex is composed of roughly topographical representations or maps of the body which arise with the development of manual dexterity and refinement of corticospinal axon collaterals. Motor maps are far from static, and can be dramatically reshaped throughout life in response to motor learning or injury. During motor learning, the size of motor representations for the musculature involved in the trained movement increases, at the expense of neighboring map areas. Connectivity changes within the motor cortex appear to underlie this plasticity. Corticospinal neurons that project to low cervical (C8) spinal cord levels governing movement of the distal forelimb show significantly greater dendritic spine density and branching in rodents trained on skilled forelimb reach than in untrained animals (Wang et al., 2011). In contrast, neighboring corticospinal neurons that project to the more rostral levels (C4), that are not engaged in distal forelimb dexterity, exhibit no significant structural modification upon completion of learning this new motor experience (Wang et al., 2011). *In vivo* imaging of a non-specific layer 5 pyramidal neuron population has revealed a rapid induction of dendritic spine formation during skilled reach (Fu et al., 2012). Multiple training sessions are required for the development of expertise. During these sessions, successively formed spines cluster along the dendrite, potentially amplifying the post-synaptic response to related task-specific inputs (Fu et al., 2012). In these studies, spine density in layer 5 pyramidal neurons returns to baseline levels through a subsequent increase in spine elimination. Despite the increased levels of elimination, spines that form in response to skilled learning are more stable than spontaneously formed spines in control mice and persist over the course of 4 months (**[Figure 1A](#F1){ref-type="fig"}**). It is not clear how spine turnover is affected in corticospinal neurons projecting to specific forelimb motor circuits at discrete spinal levels. What is clear is that spine turnover in the apical dendrites of layer 5 neurons mirrors the plasticity observed in excitatory layer 2/3 neurons during motor learning (Peters et al., 2014). The potentiation of existing or newly-formed spines in layer 2/3 is a critical component of motor learning, as a photoactivated shrinkage of newly potentiated spines, using a novel Rac1 GTPase modified optoprobe, disrupts the learning of novel motor skills (Hayashi-Takagi et al., 2015).

![Changes in layer 5 dendritic spine dynamics during motor learning and after spinal cord injury.\
(A) Newly formed dendritic spines (blue) can be rapidly induced during skilled reach learning on layer 5 pyramidal neurons. During successive skilled reach training sessions, subsequent associated spines cluster, while increased levels of spine elimination (red dashes) results in the loss of spines not related to the task and a return to baseline levels of spine density (Fu et al., 2012). (B) Significant spine loss is observed in injured layer 5 corticospinal neurons at one week after spinal cord injury (Ghosh et al., 2012). The changes in spine dynamics both during learning and after spinal cord injury appear to reflect the associated motor map changes.](NRR-12-745-g001){#F1}

In addition to structural changes, cortical neurons show a remarkable remodeling of activity patterns during motor learning. During the initial phase of learning an unskilled lever press task, different activity patterns of layer 2/3 excitatory neurons can give rise to similar forelimb movements. With repeated training, the variability of motor cortex activity patterns decreases and reproducible, spatiotemporal activity patterns gradually emerge (Peters et al., 2014). The development of expertise correlates with a transient increase in dendritic spine turnover, implicating changes in intracortical connectivity in the acquisition of novel motor learning. It is likely that this intracortical remodeling results in altered connectivity with corticospinal neurons, a potential mechanism underlying the changes in motor maps of evoked output observed with motor learning. Altering input, or patterns of input, to corticospinal neurons will be required for learning-induced changes as the spinal levels to which they project do not appear to change (Wang et al., 2011), short of injury.

**Spinal cord injury**. It is well established that cortical motor and sensory maps are dramatically affected by spinal cord injury. Both animal and human studies have demonstrated that functional reorganization occurs rapidly after injury, with intact regions above the level of injury expanding into de-efferented cortical areas. Blood-oxygen-level-dependent functional magnetic resonance imaging (BOLD-fMRI) and optogenetic stimulation demonstrate that shifts in rodent sensory and motor representations, respectively, occur rapidly and persist at more chronic time points (Endo et al., 2007; Hollis II et al., 2016). The immediate effects on cortical representations are likely due to the loss of sensory input and reduced lateral inhibition within the motor networks. Within a few days, however, structural changes in cortical networks can be observed. As early as 3 days after spinal cord injury, spine loss is detectable on axotomized corticospinal neurons (Ghosh et al., 2012). Spine loss continues and after one week is apparent in pyramidal neurons within both layer 5 and layer 2/3 (**[Figure 1B](#F1){ref-type="fig"}**) (Ghosh et al., 2012).

After an incomplete lesion of the mid-to-low cervical spinal cord, more proximal motor representations initially expand into de-efferented areas. This expanded cortical territory is eventually relinquished to more distal, injury affected motor representations during behavioral recovery (Hollis II et al., 2016). Using optogenetic activation of channelrhodospin to stimulate motor output of cortical pyramidal neurons over time, this cortical reorganization was found to be dependent upon a low level of rehabilitative training on a skilled forelimb task (Hollis II et al., 2016). The cortical plasticity observed did this result in the return of hindlimb evoked movements in this study. Another study using similar optogenetic mapping techniques found that after a high cervical injury, which significantly reduces both forelimb and hindlimb motor maps, recovery of cortical representations can occur through the spared minor components of the corticospinal tract (Hilton et al., 2016). In this study, the recovered area and position of cortical maps corresponding to forelimb and hindlimb movements are relatively similar to the intact maps prior to injury. The absence of spared proximal muscle innervation in this model likely prevents the cortical reorganization observed with more caudal injuries to the mid-to-low cervical spinal cord.

**Is motor map remodeling necessary for recovery of previously learned skills?** Given the relationship between cortical map reorganization and motor learning, it is a critical question whether or not reorganization of motor maps is also required for the recovery of previously learned skills. After partial motor cortex lesions, the recovery of skilled forelimb function corresponds with training-induced remodeling of cortical motor maps. The depletion of cholinergic input from the basal forebrain prevents this remodeling of cortical forelimb representations and blocks skilled forelimb recovery (Conner et al., 2005). Ablation of cholinergic neurons also impairs rehabilitation-mediated increases in spine density and dendritic complexity after motor cortex lesion, limiting motor map remodeling and functional recovery (Wang et al., 2016).

It is perhaps surprising then that a complete aspiration of motor cortex, bilaterally, shows no impact on the performance of a previously learned simple motor skill (Kawai et al., 2015). While motor cortex plays an essential role as a tutor to subcortical structures in acquiring learned lever press sequences, it is dispensable for the execution of this simple learned motor behavior (Kawai et al., 2015). In the absence of any intervention, aspiration of the motor cortex fails to impact the kinematics of learned, simple lever press movements, indicating that subcortical structures in rodents are sufficient for the maintenance of previously learned motor sequences of unskilled behavior (Kawai et al., 2015). While the learning of stereotyped, spatiotemporal sequences of unskilled lever press movements results in the refinement of networked firing patterns of layer 2/3 excitatory neurons (Peters et al., 2014), training on a similar unskilled task fails to induce the large-scale motor map remodeling observed during the learning of skilled, dexterous movements (Kleim et al., 1998). This raises questions regarding the relationship between motor cortex and subcortical structures in the recovery of motor function after injury, and what relevance motor map reorganization has to the recovery of skilled function.

In order to address the role of motor map reorganization in the recovery of skilled function, the cortical response to corticospinal axon remodeling was determined after a mid-cervical spinal cord injury at level 5 (C5) (Hollis II et al., 2016). In both mice and rats, respectively, conditional knockout of, or infusion of function blocking antibody against, the repulsive Wnt receptor *Ryk* results in increased axon growth proximal to the injury site and a greater recovery of function than in control animals. Increased axonal growth with cortical *Ryk* deletion results in larger forelimb motor maps, which are disrupted by a subsequent, higher injury at C3 that interrupts much of the *de novo* corticospinal circuitry and reduces *Ryk* knockout-mediated skilled forelimb reach performance to control levels. Selective transection of the corticospinal tract at the level of the pyramid both eliminates unilaterally-evoked motor maps and completely impaired skilled forelimb reach (Hollis II et al., 2016).

Growing evidence supports a close relationship between motor cortex reorganization and rehabilitation from spinal cord injury. Motor map reorganization after injury appears to have at least two distinct phases, an immediate shift in spared motor representations immediately after spinal cord injury, followed by a use-dependent or rehabilitation-mediated phase that can drive dynamic map changes on a timescale of weeks to months after injury, in rodent models. It is obvious that the therapeutic alteration of injured spinal cord circuits will require a commensurate level of reorganization within supraspinal motor centers in order to support the recovery of function. It is conceivable that the induction of cortical circuit plasticity is a viable strategy for supporting recovery from spinal cord injury, however, the functional relevance of cortical reorganization after injury and the mechanisms supporting it require further study. The use of systems-level imaging and optogenetics approaches allow for these motor networks to be studied and manipulated over time, which will undoubtedly be an immense advantage in the development of therapeutic interventions for motor impairments due to spinal cord injury or other neurological injuries.
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